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Conversion Factors
For readers who prefer to use metric (SI) units rather than inch-pound units, conver-
sion factors for terms used in this report are listed below:

Multiply inch-pound unit By To obtain metric (S1) unit
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi%) 2.590 square kilometer (km?)
Flow
million gallons per day 0.04381 cubic meter per second
(Mgal/d) (m3/s)
Transmissivity
foot squared per day 0.09290 meter squared per day
(ft2/d) (m*/d)
Leakance
gallon per day per cubic 0.1337 meter per day per meter
foot [(gal/d)/ft?] [(m/d)/m]

National Geodetic Vertical Datum of 1929 (NGVD of 1929).—A geodetic datum de-
rived from a general adjustment of the first-order level nets of both the United States and
Canada, formerly called ‘‘mean sea level.”” The datum was derived from the average sea level
during many years at 26 tide stations along the Atlantic, Pacific, and Gulf of Mexico coasts.
“NGVD of 1929 is referred to as ‘‘sea level’’ in this report.
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Estimated Effects of Projected Ground-Water Withdrawals on
Movement of the Saltwater Front in the Floridan Aquifer,

1976-2000, West-Central Florida

By William E. Wilson

Abstract

Maps of observed 1976 and simulated 2000 poten-
tiometric surfaces were used to estimate rates of saltwater
encroachment and theoretical predevelopment equilibrium
positions of the saltwater-freshwater interface in west-cen-
tral Florida. The observed saltwater front, defined by the
19,000 milligrams-per-liter line of equal chloride concentra-
tion in the lower part of the Floridan aquifer, corresponds
closely to a theoretical predevelopment equilibrium position
of a saltwater-freshwater interface. The interface position
was computed by the Ghyben-Herzberg method, using heads
from a map of the predevelopment potentiometric surface.

In maps of both the observed May 1976 and simu-
lated May 2000 potentiometric surface, the saltwater front
was within a large seasonal cone of depression in parts of
Hillsborough, Manatee, and Sarasota Counties. Average
landward flow rate of the front was computed to be 0.30
foot per day in May 1976 and 0.36 foot per day in May 2000.
Seaward potentiometric-surface gradient under simulated
October 2000 conditions averaged 8.8 X 10™° foot per foot
less than under observed September 1976 conditions.

Regional observation wells are desirable for moni-
toring potentiometric-level changes in western Hardee Coun-
ty and eastern Manatee County and for monitoring water-
quality changes along the saltwater front, on its landward
side, from mid-Sarasota County northward to Hillsborough
County.

Net landward movement of the saltwater front in
the lower part of the Floridan aquifer is probably occurring
under existing conditions. Pumping during 1976-2000 would
probably increase slightly the rate of movement. However,
rates are so slow that on a regional basis saltwater encroach-
ment under existing and projected conditions is not present-
ly a threat to the existing freshwater resources. The maxi-
mum projected regional landward movement, under “worst
case” conditions, of the saltwater front between 1976 and
2000 is estimated to be about one-half mile. Significant local
encroachment could result from (1) ground-water develop-
ment in the zone of transition and (2) deviations of local
hydrogeologic conditions from average regional conditions.

INTRODUCTION

Projections of water use in west-central Florida
suggest that, during 1976-2000, ground-water with-
drawals from the Floridan aquifer will increase by about
30 percent, and that significant shifts in the geographic

distribution of withdrawals will occur (U.S.
Environmental Protection Agency, 1979). The increased
withdrawals will be principally for municipal and irriga-
tion usage. The geographic shifts will be in withdrawal
usage for phosphate mining, the center of which is ex-
pected to move from Polk County southward and
westward to Hillsborough, Manatee, Hardee, and
DeSoto Counties, as the Polk County ore becomes
depleted. Usage for phosphate industry chemical plants
is expected to remain relatively constant both in quanti-
ty and location.

These anticipated changes would affect both the
local and regional ground-water flow system of the
area. In 1975, the U.S. Geological Survey, in coopera-
tion with the Southwest Florida Water Management
District, began an investigation to assess changes in the
potentiometric surface of the Floridan aquifer and the
possible movement of saltwater in the Floridan aquifer
as a result of these projected ground-water withdrawals.

The investigation was conducted in two phases.
The objective of phase I was to determine the amount of
expected change in the potentiometric surface as a result
of proposed or anticipated ground-water development.
The objective of phase I was accomplished principally
through the calibration and application of a regional
two-dimensional digital model of ground-water flow.
The results were presented in several reports (Wilson,
1977a; Wilson and Gerhart, 1979a,b). The final report
of phase I (Wilson and Gerhart, 1979a) included de-
tailed descriptions of the hydrogeology of the modeled
area, ground-water withdrawals, model input parame-
ters, calibration procedures, and procedures for simula-
ting changes in the potentiometric surface of the Flori-
dan aquifer.

The objective of phase II was to evaluate the ef-
fects of simulated changes of the Floridan aquifer po-
tentiometric surface on movement of the saltwater
front. This report presents the results of phase I1.
Simulated potentiometric levels from phase 1 were used
to estimate the rate of inland movement of the saltwater
front in the lower part of the Floridan aquifer in coastal
areas. The estimates were based on model results of the
first phase of the investigation and on available infor-
mation on the distribution of chloride concentrations in
water in the Floridan aquifer. The estimates were made
primarily to provide a sense of the magnitude and the
general location of potential changes. The results of the
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investigation can oe used as a guide for establishing or
modifying monitoring-well networks until better techni-
ques for modeling saltwater movement become opera-
tional.

This report is concerned primarily with the ef-
fects of major inland ground-water development on the
occurrence and movement of saltwater in the lower part
of the Floridan aquifer. The results do not show, for ex-
ample, the effects of coastal ground-water develop-
ment, nor the effects of any ground-water development

-on the occurrence and movement of saltwater in aqui-
fers underlying or overlying the lower part of the Flori-
dan aquifer.

The study area covers 3,533 mi? in west-central
Florida, southeast of Tampa (fig. 1). In order to deter-
mine the effects of ground-water development, hydro-
geologic data were evaluated and a ground-water flow
model was calibrated for a larger region. The modeled
area covers 5,938 mi’ (fig. 1).

HYDROGEOLOGIC FRAMEWORK

Principal aquifers in the study area are the surfi-
cial aquifer and the Floridan aquifer. The aquifers are
separated by a confining bed, and the Floridan aquifer
is underlain by a lower confining bed. The following
summary of the hydrogeologic framework is principally
from Wilson and Gerhart (1979a); a more detailed dis-
cussion of the hydrogeology is contained in that report.
Stratigraphic and lithologic descriptions of the hydroge-
ologic units are summarized in table 1.

The surficial aquifer is predominantly fine to
very fine sand and clayey sand and is generally a few
tens of feet thick. Ground water in the surficial aquifer
is unconfined. The water table fluctuates seasonally
about 2-5 feet.

The Floridan aquifer is predominantly limestone
and dolomite and includes all or parts of the Avon Park
Limestone, Ocala Limestone, Suwannee Limestone,
and Tampa Limestone (table 1). The top of the Floridan
aquifer is the horizon below which carbonate rocks per-
sistently occur. In the modeled area, this surface gener-
ally coincides with the top of either the Tampa Lime-
stone or Suwannee Limestone. The base of the aquifer is
at the top of the first persistently occurring intergranu-
lar evaporites in the carbonate rocks, usually coincident
with the top of the Lake City Limestone. The altitude of
the base of the aquifer ranges from about 900 feet to
about 2,600 feet below sea level, as shown in figure 2.
This map is a revision of a preliminary map of the aqui-
fer base in Wilson and Gerhart (1979a, fig. 6, p. 16).

Thickness of the Floridan aquifer in the modeled
area ranges from about 900 to about 1,900 feet; trans-
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missivity ranges from 80,000 to 500,000 ft/d; and stor-
age coefficient ranges from about 8.8 x 10-+ to
1.9x10-%

The most transmissive part of the aquifer, or its
major water-bearing zone, generally occurs within the
upper few hundred feet of the dolomitic section of the
Avon Park Limestone. The altitude of the top of this
major water-bearing zone ranges from about 400 feet to
about 1,600 feet below sea level (fig. 3). 1n this report,
the section between the top of the major water-bearing
zone and the base of the Floridan aquifer is referred to
as the lower part of the Floridan aquifer. The thickness
of the lower part of the Floridan aquifer is 600-800 feet
in most of the modeled area.

The upper confining bed of the Floridan aquifer
may include all or part of the Caloosahatchee marl,
Bone Valley Formation, Tamiami Formation, Haw-
thorn Formation, Tampa Limestone, and other undif-
ferentiated predominantly clastic deposits of late Mio-
cene to Pleistocene age (table 1). The rocks consist of
phosphatic clay, sand, marl, limestone, and dolomite.
These rocks may contain minor artesian aquifers, par-
ticularly in the southern part of the area. Thickness of
the upper confining bed ranges from about 20 to 780
feet; vertical hydraulic conductivity ranges from about
8.6 X 10-+t0 2.6 x 10-2ft/d, as determined principally
by model calibration; leakance coefficient ranges from
about 1 X 10-3to 1 x 10-? [(gal/d)/ft?}/ft; and storage
coefficient ranges from about 2.0 x 10 -*to 7.8 x 103,

The lower confining bed of the Floridan aquifer
includes the Lake City, Oldsmar, and Cedar Keys Lime-
stones (table 1). For modeling purposes, the lower con-
fining bed was considered to be impermeable.

Downward leakage occurs in most inland areas
from the surficial aquifer to the Floridan aquifer
through the upper confining bed; upward leakage oc-
curs along coastal areas and along incised valleys of ma-
jor streams. (See fig. 11.)

Figure 4 shows the generalized configuration of
the potentiometric surface of the Floridan aquifer under
predevelopment conditions. The map was modified
from that of Stringfield (1936) and is based on addition-
al data in areas where the potentiometric level is be-
lieved to have remained unchanged (P. D. Ryder, writ-
ten commun., 1979). The map represents conditions
prior to significant regional pumping stresses. At that
time, the major feature of the potentiometric surface
was a dome or ridge in the northeastern part of the
modeled area. Ground-water flow was generally coast-
ward from this dome.

Man’s activities in the last few decades have al-
tered details in the configuration of the potentiometric
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Figure 1. Location of study and modeled areas.

surface, although the major dome and westward flow
have remained intact, as shown by comparison of figure
4 with the potentiometric-surface map for September
1976 (fig. 5). This latter map represents conditions typi-
cal of the time of seasonally high water levels, following
the summer rainy season, during which little or no
pumping for irrigation occurred. The pattern of flow is
substantially altered each spring, as shown by the poten-

tiometric-surface map for May 1976 (fig. 6). This map
represents conditions at the time of seasonally low water
levels, at the end of a period when pumping for irriga-
tion is commonly at a maximum; this period usually oc-
curs from early November through early May. These
stresses result in the seasonal occurrence of a large cone
of depression centered in Manatee County (fig. 6). The
cone of depression in May 1976 is similar to the cone
mapped each May from 1975 through 1978.
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Table 1.—Hydrogeologic framework

Major
System Series Stratigraphic General lithology lithologic Hydrogeologic
unit unit unit
Quaternary Holocene, Surficial sand Predominantly fine sand; inter- Sand Surficial aquifer
Pleistocene, bedded clay, marl, shell, lime-
Pliocene stone, phosphorite.
Undifferentiated | Clayey and pebbly sand, clay, marl, | Carbonate and | Upperconfining
_——— deposits! and shell; phosphatic. clastic bed of Flori-
dan aquifer
Tertiary Miocene Hawthorn Dolomite, sand, clay, and lime-
Formation stone; silty, phosphatic.
Tampa Limestone, sandy, phosphatic, fos-
Limestone siliferous; sand and clay in lower
part in some areas.
Oligocene Suwannee Limestone, sandy limestone,
Limestone fossiliferous.
Eocene, Ocala Limestone, chalky, foraminiferal, Carbonate Floridan aquifer
Paleocene Limestone dolomitic near bottom.
Avon Park Limestone and hard brown dolo-
Limestone mite.
Lake City, Dolomite and chalky limestone, Carbonate Lowerconfining
Oldsmar, and with intergranular gypsum and with inter- bed of Flori-
Cedar Keys anhydrite. granular dan aquifer.
Limestones evaporites.

TIncludes all or parts of Caloosahatchee Marl, Bone Valley Formation, and Tamiami Formation.

Potentiometric-surface maps and hydrographs
of ground-water levels indicate a general downward
trend in annual peaks and an increase in range between
seasonal lows and highs, especially since the 1960’s.
These changes reflect increased irrigation demand.

CHLORIDE DISTRIBUTION

Chloride concentrations in water in the Floridan
aquifer range widely in the modeled area. In much of
the inland area, chloride concentrations are 10-25
mg/L. Water having chloride concentrations in this
range can be considered ‘‘background water,”’ or fresh
ground water unmixed with saltwater. Along the coast,
at least part of the Floridan aquifer contains saltwater;
chloride concentration is commonly about 19,000
mg/L, or approximately the same as Gulf of Mexico
seawater. The surface expressed by the 19,000-mg/L
line of equal chloride concentration is, therefore, de-

4 Saltwater Front, Floridan Aquifer, Florida

fined as the saltwater front. A zone of transition exists
between the saltwater front in coastal areas and ‘‘back-
ground water’’ in inland areas.

Zone of Transition

In the zone of transition, the aquifer contains
water that has chloride concentrations predominantly
intermediate between those of ‘‘background water’’ and
saltwater. The chloride concentrations are variable,
both areally and with depth, and even within the zone
some parts may contain water with chloride concentra-
tions similar either to those of ‘‘background water’’ or
to saltwater. According to Cooper (1964, p. C8), the
principal mechanism for developing a zone of transition
is the reciprocative motion of the saltwater front, result-
ing from tidal action, and the rise and fall of the poten-
tiometric surface due to variations in recharge and other
forces, including pumping.
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Figure 7 shows the approximate extent of the
zone of transition in the lower part of the Floridan aqui-
fer. Mapping was done for the lower part of the aquifer
because this part is the most highly developed by wells,
contains the most highly transmissive part of the aqui-
fer, and has the most available data.

In figure 7, the line marking the coastal bounda-
ry of the zone of transition represents the approximate
position of the saltwater front at the top of the lower
part of the Floridan aquifer. Thus, coastward of this
line, the entire lower part of the aquifer contains salt-

1
50 KILOMETERS

Altitude of base of the Floridan aquifer.

water. Similarly, landward from the inland boundary of
the zone, the entire lower part of the aquifer contains
fresh water.

The zone of transition broadens from about 3
miles wide in part of Hillsborough County to several
tens of miles wide in the southeastern part of the
modeled area. Beneath most of Sarasota, DeSoto, and
Charlotte Counties, the lower part of the Floridan aqui-
fer contains either saltwater or water in the zone of
transition.

Chloride Distribution 5
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The map in figure 7 is highly generalized and
serves principally to direct attention to broad areas in
which to best evaluate changes in the movement of salt-
water or water in the zone of transition in response to
changes in the potentiometric surface. The generalized
nature of the map is in part due to the sparseness of reli-
able data and in part due to the complexity of distribu-
tion of chloride concentrations in the aquifer.

6 Saltwater Front, Floridan Aquifer, Florida

Data

Figure 7 is based on information contained in
published reports and in the water-quality data files of
the U.S. Geological Survey. Information in reports by
Kaufman and Dion (1967; 1968), Sutcliffe (1975), and
Wilson (1977b) was used in mapping the southern part
of the modeled area. D. P. Brown and J. D. Fretwell
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(written communs., June 1979) provided data for Sara-
sota, Manatee, and Hillsborough Counties.

On the basis of the amount of data, the freshwa-
ter boundary of the zone of transition is mapped more
reliably than is the saltwater front. Hundreds of analy-
ses are available from inland wells that tap the highly
transmissive zone in the Avon Park Limestone, whereas
only a few wells tap this zone in coastal areas. The posi-

tion of the saltwater front in the upper part of the aqui-
fer presumably occurs somewhere offshore. However,
field data do not exist to determine its position.
Samples analyzed from wells open to discrete
zones in the lower part of the Floridan aquifer provided
the most reliable data for figure 7. Most samples, how-
ever, were from wells open from the top of the aquifer
to the major water-bearing zone in the lower part of the

Chioride Distribution 7
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aquifer, although generally not to the base of the aqui-
fer. Samples from these wells represent a blend of water
from multiple permeable zones. Because the lower part
of the aquifer contains the most highly transmissive
zone, that section yields the most water to wells. There-
fore, the blended samples were also used as guides to de-
termining the chloride distribution in the lower part of
the aquifer.

Most water-quality data used in the preparation
of figure 7 were not time synchronous, and the map,
therefore, does not represent conditions at any specific

8 Saltwater Front, Floridan Aquifer, Florida

time. However, no major regional changes in chloride
concentration are known to have occcurred in the
modeled area during the 1960’s and 1970’s (Geraghty
and Miller, Inc., Reynolds, Smith and Hill, 1977), and
the map is indicative of generalized conditions during
1960-80.

Complexity

Many factors contribute to the complexity of the
distribution of chloride concentration in the Floridan
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aquifer within the zone of transition. Layering in an
aquifer, such as in the Floridan aquifer, tends to broad-
en the zone of transition (Cooper, 1964, p. C10) and
tends to result in vertical variability in chloride concen-
tration. Thus, because of differences in permeability
among layers, some parts of a vertical section may con-
tain either saltwater or ‘‘background water’’, and others
may contain transition water with a wide range of chlor-
ide concentrations.

During the past few hundreds of thousands of
years, the region has been subjected to multiple cycles of

the Floridan aquifer, May 1976.

sea-level fluctuations. The present-day chloride distri-
bution may therefore reflect, in part, the lagging and
overlapping effects of past sequences of intrusion and
flushing of saltwater due to sea-level changes.

Ground water with chloride concentrations
greater than background values may have multiple
sources, including laterally intruded saltwater, residual
connate water (water of deposition), or salty ground wa-
ter leaking upward through the lower confining bed or
from deeper parts of the aquifer. In parts of Charlotte
and Sarasota Counties, high-chloride ground water has

Chloride Distribution 9
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moved up boreholes of abandoned irrigation wells from
deep aquifer zones of higher head into shallow zones
with lower head (Sutcliffe, H., Jr., 1975; written com-
mun., 1979).

The zone of transition was defined on the basis
of chloride concentration alone. In some parts of the
zone of transition and farther inland, water in the lower
part of the Floridan aquifer has relatively low chloride
concentrations, but relatively high sulfate concentra-
tions. An effort was not made in this investigation to
map or evaluate the movement of water with high sul-
fate concentrations.
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Chloride concentration in the lower part of the Floridan aquifer.

Saltwater-Freshwater Interface

The existence of a zone of transition between
saltwater and fresh ‘‘background water’’ precludes the
existence of a sharp interface separating saltwater and
fresh water. The theoretical equilibrium position of
such an interface was computed, however, as an aid in
estimating long-term effects of changes in the potenti-
ometric surface on the saltwater distribution. Fig-ure 8
shows the approximate positions of the intersection of
the theoretical interface with the top and base of the
lower part of the Floridan aquifer.




Interface altitudes were calculated using the
Ghyben-Herzberg formula (Domenico, 1972), assuming
a freshwater density of 1.000 and a saltwater density of
1.025. With these densities, the depth to the theoretical
interface below sea level is 40 times the height of the
freshwater head above sea level. Freshwater heads were
obtained from the predevelopment potentiometric-sur-
face map (fig. 4). A contour map of the interface was
superimposed on the structure contour map of the top
of the lower part of the Floridan aquifer (fig. 3). A point
was plotted wherever a contour line on the interface
mabp intersected a contour line representing the same al-
titude on the aquifer map. Connecting the points gave
the trace of the line formed by the intersection of the
two surfaces. A similar procedure was followed with the
interface map and the structure contour map of the base
of the Floridan aquifer (fig. 2). The two traces are
shown in figure 8.

Use of the Ghyben-Herzberg principle provides
an approximation rather than a direct solution of the in-
terface position because field conditions and available
data do not fully satisfy the assumptions implicit in the
application of the principle. The method assumes hy-
drostatic conditions, whereas, the system in west-central
Florida is dynamic, commonly with vertical components
of flow. More precise expressions for the interface posi-
tion in a dynamic system were given by Hubbert (1940)
and Lusczynski (1961), but these require knowledge of
saltwater heads and head losses between points at differ-
ent aquifer depths. The magnitude and significance of
these parameters are generally unknown in the area.

The Ghyben-Herzberg method also assumes that
the potentiometric heads used in computations are equi-
valent to freshwater heads at the interface. Potentiome-
tric-surface maps of west-central Florida, used to obtain
values of head, are based on measurements in wells hav-
ing different depths and lengths of open hole in the
freshwater part of the aquifer. Thus, the mapped sur-
face represents an approximation of integrated values of
freshwater head. Where upward components of flow ex-
ist in the system, as in the coastal discharge areas, po-
tentiometric head increases with depth. Thus, the inte-
grated values of head may be considerably less than
freshwater heads at the interface. Because of these fac-
tors, application of the Ghyben-Herzberg method gen-
erally results in computed depths to the interface that
are too shallow. Thus, the method gives cautious re-
sults.

Figure 8 shows that at the top of the lower part
of the aquifer the computed interface position corre-
sponds approximately with the observed position of the
saltwater front. Water-quality data are not sufficiently
available to map the position of the saltwater front at
the base of the aquifer (that is, the ‘“toe”’ of the front).
However, the “‘toe’’ position is inferred to be approxi-

mately the same as the computed interface position at
the aquifer base (fig. 8), on the basis of the general cor-
respondence of the front and interface at the top of the
lower part of the aquifer. The inferred position of the
“‘toe’’ is also generally compatible with available water-
quality information. Figure 9 shows schematically the
relationships between the theoretical equilibrium inter-
face and the observed chloride distribution.

The correspondence of the mapped saltwater
front and the equilibrium position computed from pre-
development potentiometric heads (figs. 8, 9) suggest
that the front may have reached equilibrium under pre-
development conditions, but has not yet adjusted to
pumping stresses caused by modern development. The
relationship between the position of the front and the
computed equilibrium position may be coincidental,
however, for little is known about the long-term or re-
cent history of movement of the front.

GROUND-WATER WITHDRAWALS

The Floridan aquifer is the major source of water
supply in most of the modeled area. Withdrawals from
this aquifer averaged about 649 Mgal/d in 1975, and
withdrawals were expected to increase to about 8§42
Mgal/d in 2000 (Wilson and Gerhart, 1979a). With-
drawals for industrial, public supply, and agricultural
purposes for 1975 and projections to 1985 and 2000 are
summarized in figure 10. These withdrawal rates served
as a basis for simulating changes in the potentiometric
surface.

In 1975, more than half (174 Mgal/d) of the in-
dustrial ground-water withdrawals were for phosphate
mines, nearly all of which were in Polk County. Mines
existing in Polk County in 1976 are expected to be
phased out, and mines are expected to begin operations
in DeSoto, Hardee, and Manatee Counties in the dec-
ades ahead. Projected withdrawal rates for phosphate
mines were 217 Mgal/d in 1985 and 161 Mgal/d in 2000.
Projected withdrawal rates for phosphate chemical
plants are expected to remain relatively constant', at
about 128 Mgal/d. The locations of the plant are also
expected to remain constant, with the ore being shipped
to existing chemical plant locations. Withdrawal rates
for other self-supplied industries were expected to re-
main unchanged at about 26 Mgal/d.

In 1975 about 50 Mgal/d was withdrawn for mu-
nicipal supplies. Rates were projected to be about 108
Mgal/d in 1985 and to be about 145 Mgal/d in 2000,
owing to expansion of existing well fields and develop-
ment of new well fields.

'128 Mgal/d is given as the value for probable withdrawals for
phosphate chemical plants for the years 1975, 1985, and 2000 in Pro-
fessional Paper 1217 (in press). Variations resulting from multiplying
percent times total in figure 10 (this report) are due to rounding of per-
cent values.

Ground-Water Withdrawals 1
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Figure 8. Theoretical equilibrium position of saltwater- freshwater interface under predevelopment conditions.

The largest single use of ground water is for irri-
gation of crops, principally citrus trees, vegetables, and
pasture. In 1975-76, irrigation withdrawals averaged
about 271 Mgal/d (fig. 10). Unlike those for other ma-
jor uses, withdrawals for irrigation are highly seasonal;
during the rainy summer months, withdrawals are prac-
tically nonexistent. The 1975-76 values were based on
an inventory of irrigation conducted during phase I of
this investigation.
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SIMULATED POTENTIOMETRIC SURFACE
Ground-Water Flow Model

The calibrated transient model described by Wil-
son and Gerhart (1979a) was used to simulate changes in
the potentiometric surface of the Floridan aquifer dur-
ing 1976-2000. The model utilizes a finite-difference
method in which differential equations describing
ground-water flow are solved numerically. The equa-
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Figure 9. Conceptual view of relationships between theoretical predevelopment equilibrium interface and

observed chloride distribution in lower part of the Floridan aquifer.

tions require that hydraulic properties, boundaries, and
stresses be defined for the area modeled. The digital
model of two-dimensional flow was described by Tres-
cott, Pinder, and Larson (1976); input parameters for
the model were described by Wilson and Gerhart
(1979a).

Major assumptions made in the model analysis

of ground-water flow are as follows:

1. Ground water moves horizontally in the
Floridan aquifer in a single-layer, iso-
tropic medium.

2. Water moves vertically into or out of the
Floridan aquifer through the upper
confining bed. No leakage occurs
through the lower confining bed.

3. The head in the surficial aquifer does not
change in response to imposed stress.

4. Movement of saltwater is assumed to have
little or no effect on calculated fresh-
water heads.

The ground-water flow system, as modeled, is
shown schematically in figure 11. Regionally, the system
approximates the assumed conditions, although locally,
deviations occur. Most wells are finished as open holes
and tap most of the thickness of the Floridan aquifer. A
confining bed overlies the Floridan aquifer throughout
the area, and natural aquifer discharge and recharge oc-
cur principally as vertical leakage through this confining
bed. Aquifer tests have shown the lower confining bed
to be relatively impermeable. The seasonal range of
fluctuation of the water table in the surficial aquifer is
generally less than 5 feet, and in most of the study area
the water table is little affected by withdrawals from the
Floridan aquifer.

The model oversimplifies a complex system. The
model is inadequate to simulate vertical flow compo-
nents in recharge and discharge areas and does not ac-
count for multiple zonation of the Floridan aquifer.
Some errors remaining in the calibrated model are due
to these inadequacies. Nonetheless, the model used was

Simulated Potentiometric Surface 13
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Figure 10. Ground-water withdrawal rates for 1975 and
projections for 1985 and 2000.

the most appropriate one available at the time the inves-
tigation began, considering the size of study area, objec-
tives of the investigation, and state of knowledge of the
hydrogeology.

A head-controlled flux boundary condition was
utilized for all lateral model boundaries during simula-
tions. The two-dimensional flow model described by
Trescott, Pinder, and Larson (1976) was modified to in-
clude this boundary condition, as described by Wilson
and Gerhart (1979a).

Results

Simulated changes in the potentiometric surface
of the Floridan aquifer were based on projected com-
bined ground-water withdrawals for irrigation, munici-
pal supplies, existing and proposed phosphate mines,
phosphate chemical ptants, and other industrial uses for
1976-2000. All input parameters, inctuding the magni-
tude and timing of withdrawal rates, are identical to
those given in the report for phase 1 of this investiga-
tion. (See Wilson and Gerhart, 1979a.) In that report,
head changes were simulated for May 1976 to May 2000
and for November 1976 to October 2000. In the model
runs, each year was simulated by using two pumping
periods per year; one run represented an irrigation sea-
son, and the other represented a non-irrigation season.
The results are repeated in this report to aid in evaluat-
ing the effects of changes in the saltwater front.

14 Saltwater Front, Floridan Aquifer, Florida

Figure 12 shows simulated changes in potentiom-
etric surface resulting from the combined projected
withdrawals for irrigation, municipal supphlies, existing
and proposed phosphate mines, phosphate chemical
plants, and other industrial uses for May 1976 to May
2000. The map shows about 10 feet of rise in southwest-
ern Potk County and about 35 feet of decline in parts of
Manatee and Hardee Counties. A decline of more than
5 feet is shown along almost the entire coastal area.

Simulated changes for May 1976 to May 2000
(fig. 12) were superimposed on the May 1976 potenti-
ometric-surface map (fig. 6) to obtain a map of the sim-
ulated potentiometric surface for May 2000, as shown in
figure 13. The principal change between the potentiome-
tric-surface map of May 1976 and that of May 2000 is a
broadening, deepening, and eastward shift of the major
cone of depression. In May 2000, the lowest level of this
cone of depression is projected to be more than 30 feet
below sea level, and the sea-level (zero) potentiometric
contour line extends eastward to the Peace River in
Hardee County. The potentiometric surface is also pro-
jected to be below sea level atong a part of coastal Sara-
sota County.

Simulated changes resulting from the combined
effects of pumping from November 1976 to October
2000 are shown in figure 14. The pattern of change is
similar to that shown in the May 1976-May 2000 change
map (fig. 12), with a rise in the potentiometric surface in
parts of Polk County and dechines etsewhere. From No-
vember 1976 to October 2000 maximum rise is about 15
feet, and maximum decline is about 25 feet (fig. 14).

Simutated changes for November 1976 to Octo-
ber 2000 (fig. 14) were superimposed on the September
1976 potentiometric-surface map (fig. 5) to obtain a
map of the simulated potentiometric surface for Octo-
ber 2000, as shown in figure 15. Compared to the Sep-
tember 1976 potentiometric-surface map, the October
2000 map shows an eastward shift of the 20-, 30-, and
40-foot contour lines and a reentrant 10-foot line in
eastern Manatee County, reflecting a remnant of the
closed depression shown in May 2000. The rise in the
potentiometric surface in Polk County is reflected by a
southward shift of the 60- and 70-foot contour lines
compared to September 1976 conditions.

ESTIMATED MOVEMENT OF SALTWATER FRONT

The effects of projected ground-water pumpage
on movement of the saltwater front in the lower part of
the Floridan aquifer were estimated based on changes in
potentiometric gradient between 1976 and 2000.

In both 1976 and 2000, gradients of the potenti-
ometric surface near the saltwater front are landward in
the spring and coastward in the falt. Projected ground-
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water withdrawals in the modeled area during potentiometric-surface maps for May 1976 (fig. 6) and

1976-2000 are expected to result in an increase in the
landward gradient in the spring and a decrease in the
coastward gradient in the fall. These changes in gra-
dients correspond to changes in ground-water flow
rates. When ground-water flow near the saltwater front
is landward, an increase in flow rate can be equated
directly to an increase in rate of movement of the front.
When ground-water flow near the front is coastward,
changes in rates of movement of the front are dependent
on other factors in addition to changes in ground-water
flow rates (Cooper, 1964). Thus, in the analyses, rates
of flow were computed from potentiometric gradients
for May 1976 and May 2000 to estimate the amount of
change in the rates of inland movement of the saltwater
front under spring conditions. However, the decrease in
potentiometric gradient between November 1976 and
October 2000 was determined only to indicate that some
net inland movement of the front could occur under fall
conditions.

Spring Conditions

The mapped position of the saltwater front (fig.
7) is within the regional cone of depression shown in the

May 2000 (fig. 13) in parts of Hillsborough, Manatee,
and Sarasota Counties. To estimate and compare rates
of landward ground-water flow at the saltwater front at
these two times, velocities were calculated along three
sections, one each in Hillsborough, Manatee, and Sara-
sota Counties (fig. 16). Velocity was computed as fol-
lows, and results are shown in table 2:

TI
"= o
_KI
(6]
where v = ground-water velocity, in feet per
day;
T = aquifer transmissivity, in feet
squared per day;
I = potentiometric gradient, in feet per
foot;
b = aquifer thickness, in feet;
© = aquifer porosity, dimensionless, and

K = aquifer hydraulic conductivity (7/b),
in feet per day.

Estimated Movement of Saltwater Front 15



83°30"

The three sections were drawn landward from
the saltwater front along flow lines on the May 1976 and
May 2000 potentiometric-surface maps (figs. 6, 13).
Common sections could be used for both times because
orientation of the contour lines near the front is approx-
imately the same on both maps, and because the poten-
tiometric contour lines are mostly parallel to the front.

Aquifer transmissivity is 120,000 ft/d at all sec-
tions, according to the map of modeled transmissivity
of Wilson and Gerhart (1979a, fig. 8). Gradients along
the sections were determined directly from the May po-
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Figure 12. Simulated changes in potentiometric surface due to projected ground-water withdrawals, May 1976-May 2000.

tentiometric-surface maps. For purposes of analysis,
aquifer thickness was assumed to be equivalent to the
thickness of the lower part of the Floridan aquifer mea-
sured from the top of the major water-bearing zone to
the base of the aquifer. An average thickness along each
section was determined from figures 2 and 3. An aver-
age porosity of 0.2 was used, based on the approximate
average porosity for the dolomite section at Pinellas
County test-injection sites (J. J. Hickey, written com-
mun., 1979).
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Table 2 shows that velocities are similar along the
three sections in 1976 and in 2000. Average velocity in
May 1976 was 0.30 ft/d; average velocity for May 2000
is projected to be 0.36 ft/d, or a 20 percent increase.
The higher flow rate in 2000 reflects the steepening of
the gradient resulting from the increased pumping be-
tween 1976 and 2000.

Distances that ground water would move at the
computed May 1976 and May 2000 flow rates are shown
for various lengths of time in figure 17. An average of
the two flow rates is shown by a dashed line. Because

T
50 KILOMETERS

Simulated potentiometric surface, May 2000.

the gtadient is landward, it can be assumed that move-
ment of the saltwater front is directly related to the flow
of ground water at the front. Figure 17 can be used to
estimate the amount of movement. For example, after
10 years the front would have moved about 1,100 feet at
the May 1976 rate, about 1,300 feet at the May 2000
rate, and about 1,200 feet at the average rate (0.33 ft/d).
If the average of the May 1976 and May 2000 flow rates
were to persist continuously for 24 years (for example,
during 1976-2000), the front would move landward
about 2,900 feet, or slightly more than half a mile. More

Estimated Movement of Saltwater Front 17
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than two centuries (about 220 years) would be required
for the front to move 5 miles at the average rate.

Fall Conditions

Flow rates and flow directions that occur in May
do not persist throughout a year. In fact, the landward
potentiometric gradient of May is reversed and becomes
seaward in the summer and fall. Maps of the observed

18 Saltwater Front, Floridan Aquifer, Florida
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Simulated changes in potentiometric surface due to projected ground-water withdrawals, November 1976—

September 1976 potentiometric surface (fig. 5) and sim-
ulated October 2000 surface (fig. 15) were compared to
determine if changes in gradient occurred under fall
conditions. In both maps, the gradient at the saltwater
front is toward the coast. However, the configurations
of the two potentiometric surfaces are sufficiently dif-
ferent that an average change in gradient near the salt-
water front was determined from the change-in-head
map (fig. 14), rather than from selected sections com-
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mon to the two potentiometric-surface maps. The com- ward gradient is a direct measure of increased rate of
puted average seaward freshwater gradient along the  landward flow of saltwater. In the fall, however, a re-
saltwater front decreased by about 8.8 x 10 5 ft/ft from  duction in coastward gradient would result in a reduced
November 1976 to October 2000. This compares to an  rate of fresh ground-water flow toward the saltwater
average increase in landward gradient of about  front. If other factors were constant, the front would
6.9 x 10 -5 ft/ft from May 1976 to May 2000. move landward. Whether this would actually occur, and

The effects of the decrease in coastward poten-  if so at what rate, is unknown, because the effect is also
tiometric gradient between November 1976 and October  dependent upon changes in freshwater discharge, both
2000 are more difficult to assess than the effects of the by upward leakage through the upper confining bed and
increase in landward potentiometric gradient between by pumping. These complex relationships were not eval-
May 1976 and May 2000. In May, the increased land-  uated in this analysis.

Estimated Movement of Saltwater Front 19
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Figure 16. Sections used to calculate ground-water flow velocity.

Discussion

The computed flow rates are affected by a varie-
ty of factors that could impact on conclusions that
might be drawn from the analyses. Most factors dis-
cussed below tend to make the computed results ex-
treme, resulting in a ‘‘worst case’’ approach. That is,
computed rates of flow and the resulting computed
amounts of landward movement of the saltwater front
are probably greater than those that would actually oc-
cur under the projected pumpage.

20 Saltwater Front, Floridan Aquifer, Florida

Computed average May 1976 and May 2000 flow
rates (table 2) may be high because the porosity (0.20)
used in the computations may be low, and the hydraulic
conductivity (185 ft/d) may be high. Data from J. J.
Hickey (written commun., 1979) gave an average po-
rosity of about 0.26 for the Floridan aquifer at Pinellas
County test-injection sites, based on determinations
made from geophysical logs. The limestone portion of
the section had an average porosity of about 0.31, and
the dolomite portion had an average porosity of about
0.22. A porosity of 0.20 was selected as a conservative
estimate. In estimating hydraulic conductivity, the




Table 2. Velocity of ground-water flow near the saltwater
front, spring conditions

Hillsborough Manatee Sarasota

Parameter section’ section’ section” Average
Transmis-

sivity, T

(ft2/d) 120,000 120,000 120,000 120,000
Thickness,

b (ft) 700 680 580 653
Hydraulic

conductiv-

ity, K

(ft/d) 171 176 207 185
Porosity, 0.2 0.2 0.2 0.2
Gradient, /

(ft/ft)

May 1976 3.00x10°* 3.88x107* 2.87x107* 3.25x10™*
May 2000 4.13Xx10°% 4.34x10-% 3.34%x 107 3.94x 1074

Velocity, v
(ft/d)
May 1976  0.26 0.34 0.30 0.30
May 2000 .35 .38 .35 .36

"See figure 16 for locations of sections.

thickness of the lower part of the aquifer was used rath-
er than the full aquifer thickness; this was done because
most of the integrated aquifer transmissivity occurs in
the lower part. The result was higher computed hydrau-
lic conductivities than if the full aquifer thickness had
been used.

In figure 17, the computed distances of ground-
water movement are based on sustaining the May gradi-
ents continuously for the time shown. In fact, however,
the May gradients are not sustained continuously but
occur only seasonally each year. Historically, the poten-
tiometric surface has recovered and a seaward gradient
reestablished during each rainy season. This periodic oc-
currence tends to reverse, or at least retard, the land-
ward migration of the saltwater front. The rise in poten-
tiometric surface each fall does not completely offset
encroachment, however, because flushing of saltwater is
less easily accomplished than intrusion, and because cy-
clic pulses of seasonal rise and fall of the potentiometric
surface tend to broaden the zone of transition. In addi-
tion, the retardation process would become decreasingly
effective during 1976-2000 because of the expected
long-term decrease in seaward gradients near the front,
as indicated by the change in potentiometric surface be-
tween November 1976 and October 2000 (fig. 14). Thus,
the overall effect is probably a net landward en-
croachment each year, at a net rate that is unknown but
less than the estimated average May rate of 0.33 ft/d.

The preceding analyses and discussions are all
based on generalized regional conditions. Local condi-
tions may differ considerably from the regional picture,

and flow rates in these local areas may be much lower or
greater than the regional values used in the regional
analyses. Steep hydraulic gradients occur near pumping
wells, and hydraulic conductivities many times higher
than average probably exist in some places because of
the great areal variability in transmissivity and because
of occurrences of well defined, highly permeable zones
within the aquifer. For example, under the computed
potentiometric gradients of May 1976 and May 2000
(table 2), ground water would move about 3-4 ft/d in
zones that have hydraulic conductivities 10 times the av-
erage of 185 ft/d used in the analyses.

Ground-water development within the zone of
transition may be expected to result in localized changes
in chloride concentrations. Generally, the direction and
magnitude of these changes are unpredictable because
of the great areal and vertical variability of chloride
concentration in the zone of transition. An increase in
chloride concentration would be expected where devel-
opment is near the saltwater front or in the upper part
of the aquifer in areas where the lower part is occupied
by saltwater.

REGIONAL OBSERVATION WELLS

Modeling resuits and evaluations of saltwater
movement were used to assess regional needs for obser-
vation wells to monitor changes in potentiometric levels
and water quality in the Floridan aquifer. The assess-
ments were based on the premise that observation wells
are most desirable in areas of greatest anticipated
changes that could deleteriously affect the ground-water
resource.

Observation wells to monitor potentiometric
levels are desirable in eastern Manatee and western Har-
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Figure 17. Rate of ground-water flow at saltwater front.
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dee Counties, on the basis of simulated declines in the
potentiometric surface during 1976-2000. Declines of
about 20-35 feet are expected to occur in both counties
near the county line (figs. 12, 14). As a result of these
declines, the regional cone of depression centered in
Manatee County is expected to deepen, broaden, and
shift eastward during 1976-2000. By May 2000, the de-
pression is projected to be in the eastern part of Mana-
tee County, where the potentiometric surface will be
about 30 feet below sea level (fig. 13).

Observation wells to monitor water-quality
changes are desirable near the saltwater front, on its
landward side, especially from mid-Sarasota County
northward to Hillsborough County. In that area, the
saltwater front is within the regional cone of depression
in May 1976 and May 2000 (figs. 6, 7, 13). Computed
rates of ground-water flow at three sections (fig. 16) in-
dicate that landward movement of the saltwater front in
May is both slow and areally uniform (table 2). Thus, a
few wells uniformly spaced along the front would prob-
ably be as effective as an elaborate network of closely
spaced wells. Observation wells are also desirable in cen-
tral Manatee County near the toe of the saltwater front
(fig. 8) for detecting possible upconing of the toe from
near the base of the Floridan aquifer. These water-
quality observation wells could also be used to monitor
ground-water levels.

The lower part of the Floridan aquifer would
probably be the first part of the aquifer to be affected
by saltwater encroachment because the zone has a high
transmissivity and is widely developed. Therefore, ob-
servation wells open to this zone could be effective in
detecting encroachment before saltwater intrudes other
parts of the aquifer.

Careful placement of observation wells could aid
in making proper interpretations of the significance of
water-quality changes. Because chloride concentrations
within the zone of transition are highly variable,
ground-water development could result in local changes
in chloride concentration even if the regional saltwater
front were not significantly affected. Thus, regional
observation wells intended to monitor the saltwater
front would be more effective if placed in areas relative-
ly unaffected by local development.

SUMMARY AND CONCLUSIONS

An area of several thousand square miles in west-
central Florida was investigated to evaluate the effects
of projected ground-water withdrawals during
1976-2000 on the saltwater front in the lower part of the
Floridan aquifer. Simulated potentiometric levels ob-
tained during a previous modeling investigation were
used in the analysis.
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The Floridan aquifer consists principally of lime-
stone and dolomite and ranges in thickness from about
900 to 1,900 feet. The aquifer is bounded by a leaky up-
per confining bed and a lower confining bed that for
modeling purposes was considered to be nonleaky. The
principal water-bearing zone occurs in the lower part of
the aquifer. The potentiometric surface fluctuates
seasonally and is commonly lowest in May and highest
in September or October. Seasonal withdrawals for ir-
rigation are the principal cause of a large cone of
depression, centered in Manatee County, that occurs
each May.

Fresh ground water in inland parts of the mod-
eled area contains chloride concentrations of 10-25
mg/L. Along the coast, seaward of the saltwater front,
at least part of the Floridan aquifer contains saltwater,
with chloride concentrations of about 19,000 mg/L. In
the intervening zone of transition, chloride concentra-
tions are highly variable, both areally and with depth.
The saltwater front in the lower part of the aquifer was
within the major seasonal cone of depression of the po-
tentiometric surface in May 1976.

The equilibrium position of a theoretical salt-
water-freshwater interface under predevelopment con-
ditions was computed using the Ghyben-Herzberg for-
mula and a 1949 potentiometric-surface map. The com-
puted equilibrium position of the interface at the top of
the major water-bearing zone corresponds closely with
the position of the saltwater front in the lower part of
the aquifer.

The Floridan aquifer is the major source of water
supply in the area. In 1975, withdrawals averaged 649
Mgal/d; by 2000, withdrawals are expected to average
842 Mgal/d. Pumping is principally for public supplies,
phosphate-mining industry, and irrigation. Irrigation
use is highly seasonal, with greatest amounts of water
used in the spring and virtually none during the rainy
summer months.

Simulated changes in the potentiometric surface
from May 1976 to May 2000 ranged from a rise of about
10 feet in southwestern Polk County to a decline of
about 35 feet in parts of Manatee and Hardee Counties.
At least 5 feet of decline occurred along most of the
coast. For November 1976 to October 2000, simulated
changes ranged from a rise of about 15 feet to a decline
of about 25 feet.

Computations of the rate of ground-water flow
near the saltwater front in May 1976 and May 2000 were
used as indications of the rate of movement of the salt-
water front. Average landward flow rate along three
sections in Hillsborough, Manatee, and Sarasota Coun-
ties was 0.30 ft/d in May 1976; the average rate was 0.36
ft/d in May 2000, an increase of 20 percent. If sus-
tained, the average rate of movement would result in the




landward movement of the saltwater front of about half
a mile between 1976 and 2000.

From November 1976 to October 2000, simu-
lated average coastward gradient near the saltwater
front decreased by about 8.8 x 10-5 ft/ft. Because of
other factors, the effects of this reduction on the salt-
water front are unknown, but the reduction could con-
tribute to a net landward movement of the front each
year because of reduced coastward flow of fresh ground
water toward the front.

Regional observation wells are desirable in west-
ern Hardee County, eastern Manatee County, and along
the landward side of the saltwater front, from mid-Sara-
sota County to Hillsborough County.

On a regional basis, the analyses probably pro-
vide ‘‘worst case’’ results. However, where local condi-
tions differ significantly from average regional condi-
tions, flow rates may be substantially higher or lower
than those computed.

From the analyses presented, the following con-
clusions are reached:

(1) Projected withdrawals during 1976-2000
are expected to deepen, broaden, and
shift eastward the center of a regional
cone of depression that develops each
May in the potentiometric surface.

(2) Under existing pumping patterns, land-
ward encroachment of the saltwater
front in the lower part of the Floridan
aquifer probably occurs during each ir-
rigation season, between November and
May. Encroachment is relatively uni-
form along the western periphery of the
regional cone of depression. Probably
some net landward movement occurs
from year to year.

(3) Projected inland ground-water develop-
ment during 1976-2000 would not signi-
ficantly increase the May 1976 regional
rate of movement.

(4) The net rate of landward movement of the
front is probably so slow, under both
existing and projected conditions, that
under these conditions encroachment is
not a present major threat to the region-
al freshwater resources for at least many
decades ahead.

(5) Ground-water development within the
zone of transition could result in modifi-
cations of the distribution of chloride
concentration and could accelerate land-
ward movement of the saltwater front.

(6) Local hydrogeologic conditions may be
such as to result in encroachment rates

in some areas many times those esti-
mated for regional conditions.

(7) Regional observation wells for monitoring
potentiometric levels would be particu-
larly desirable in western Hardee Coun-
ty and eastern Manatee County. A few
uniformly spaced wells for monitoring
water-quality changes would be desir-
able along the saltwater front from mid-
Sarasota County to Hillsborough Coun-
ty and near the toe of the saltwater front
in central Manatee County.

These conclusions are based on analyses of gen-
eralized regional conditions. They serve to provide a re-
gional perspective on saltwater encroachment in west-
central Florida and can also serve as a basis for planning
regional observation-well networks.
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